Previous studies have suggested that milk consumption during pregnancy may have growthpromoting effects on the offspring in utero. Whether this effect tracks beyond the prenatal period remains unclear. We examined whether milk consumption during pregnancy is associated with infant size at birth and offspring's height-and growth-related biomarkers at B20 years of age. SUBJECT/METHODS: A prospective cohort of 809 Danish pregnant women was recruited in 1988-1989, with offspring follow-up at B20 years of age (n ¼ 685). Milk consumption was assessed at gestational week 30 using a food frequency questionnaire. Birth weight and birth length were measured according to standard procedures at delivery and converted to specific z-scores, adjusted for gestational age and gender. RESULTS: In adjusted models, maternal milk consumption of X150 ml/day vs o150 ml/day was associated with 0.32 higher z-scores for birth weight (95% confidence interval (CI) 0.06; 0.58) and 0.34 higher z-scores for birth length (95% CI 0.04; 0.64). At follow up, B20 years later, those offspring whose mothers had consumed X150 ml milk/day tended to have 0.19 higher z-scores for height (P ¼ 0.16), B8% higher levels of insulin-like growth factor I (P ¼ 0.12) and B14% higher insulin levels (P ¼ 0.11) compared with offspring whose mothers consumed o150 ml milk/day. CONCLUSIONS: Our findings add to recent observations that maternal milk consumption may have a growth-promoting effect with respect to weight and length at birth. Furthermore, the results provide some suggestion that this effect may even track into early adult age, although further studies with more statistical power are needed for that purpose.
INTRODUCTION
Cow's milk is a nutrient-dense food and contains numerous growth-promoting components. 1 Results from studies in developing countries strongly suggest that milk consumption in children has a stimulating effect on linear growth, but positive associations between children's and adolescent's milk consumption and height have also been found in wellnourished populations. 2, 3 A recent meta-analysis of controlled trials in children and adolescents showed that supplementation with dairy products resulted in B0.4 cm/year additional growth on average per B245 ml of milk intake daily. 4 Comparable growth-promoting effects have been observed at the prenatal period, with two recent studies reporting that maternal milk consumption may be associated with greater fetal weight gain and higher birth weight. 5, 6 This effect may have an impact on offspring's later health for better or for worse, as both low birth weight and macrosomia are associated with an increased risk of disease in later life. 7 Studies have specifically implicated milk protein or milk components associated with protein, rather than milk fat, as being the causative factor for the observed increase in fetal and child's growth. 3, 5, 6, 8 Milk proteins have been shown to stimulate insulin secretion, 9, 10 which could affect growth, as insulin is an anabolic hormone inhibiting proteolysis. Furthermore, milk consumption increases blood concentrations of the peptide hormone insulin-like growth factor I (IGF-I), 8, [11] [12] [13] which has been considered to be one of the main mediators of the growthpromoting effect of cow's milk.
Although results from earlier studies 5, 6, [14] [15] [16] point to growthpromoting effects of maternal milk consumption on the fetus, they have not examined the long-term effects of maternal milk consumption on offspring's anthropometry measures and growthrelated biomarkers. Identifying factors that influence adult height may be of public health relevance, as height has directionally opposing relationships with the risk of death from several noncommunicable diseases. 17 The main aim of this prospective study was to investigate the associations between maternal milk consumption and infant size at birth and to explore whether milk consumption during pregnancy may influence offspring's height in adulthood.
METHODS

The birth cohort
The Aarhus Birth Cohort and its dietary component have already been described elsewhere. [18] [19] [20] The study extended over the period from April 1988 to January 1989 in Aarhus, Denmark. A total of 965 out of 1212 eligible women participated in the study. These women all had a singleton pregnancy and were scheduled to attend a routine midwife visit in gestational week 30 at an antenatal center that covered a geographically well-defined area of the city. The study was approved by the Danish Data Protection Agency and the Central Denmark Region Committees on Biomedical Research Ethics (Reference No. 20070157). Written informed consent was obtained from all participants at recruitment.
Exposure variables
A self-administered food frequency questionnaire was mailed to the women 1 week before the scheduled visit. Dairy consumption was recorded through nine questions in the food frequency questionnaire: five of these referred to the type, portion size and consumption frequency of cultured milk and cheese, and four to the consumption of milk (whole, semi-skimmed and skimmed milk) in portions per day (dl/day). The food frequency questionnaire has been validated against dietary records and biomarkers of n-3 fatty acids but not specifically of milk. 18 However, a similar methodology was used in the Danish National Birth Cohort study, where the self-reported milk intake at two time points (at B25 weeks and B35 weeks of gestation) was shown to be highly correlated (0.59). 5 The questionnaire assessed food intake over the previous 3 months, corresponding roughly to the second trimester of pregnancy. Cow's milk consumption was defined as the total consumption of whole, semiskimmed, skimmed milk and cultured milk. After the visit to the midwife, an interview was conducted to gather, by self-report, information on prepregnancy body mass index (BMI) and information on other lifestyle and socioeconomic factors.
Mother-offspring pairs available for analysis
A total of 965 women were enrolled in the study, of whom 960 completed the self-administered questionnaire. Complete information on gestational age and offspring birth weight was available for 926 women. We restricted our analyses on birth outcomes to term deliveries, excluding pre-(o259 days) (n ¼ 28) and post-term (4294 days) (n ¼ 89) births, and thus the final data set consisted of 809 mother-offspring pairs (84% of the original cohort).
A total of 915 mother and offspring pairs were located and contacted in 2008-2009, when the offspring were B20 years of age. In all, 692 of the offspring agreed to participate in the follow-up study, but because of missing values 685 mother-offspring pairs (71% of the original cohort) were included in the analyses (offspring with pre-and post-term births not excluded; otherwise, 81 subjects would have been excluded).
Outcome variables
Information on birth outcomes was extracted from birth certificates, clinical records and records from antenatal visits. Gestational age at birth was primarily assessed from the date of the last menstrual period. Information from early ultrasound examination was used in cases of uncertainty in remembering the date, irregular or prolonged cycles (436 days) or if the woman had used the contraceptive pill up to 4 months before the date.
At follow-up in 2008-2009, offspring were asked to complete a webbased questionnaire concerning their current height and weight. Furthermore, offspring were invited to participate in a clinical examination, which included anthropometric measures and collection of a fasting blood sample. A total of 438 offspring participated in the clinical examination. The clinical measures for height at follow-up were used when available (n ¼ 438), but self-reported measures were used for the remaining subjects (n ¼ 247). The correlation between measured and self-reported height was 0.98 (Spearman's r, n ¼ 422).
Associations between maternal milk consumption and offspring fasting insulin and IGF-I levels at B20 years of age were assessed, as concurrent milk intake has been linked with increased blood concentration of IGF-I 8, [11] [12] [13] and increased insulin secretion 9, 21 in previous studies. Blood values were available for 436 participants. A fasting (10 h) blood sample was drawn, centrifuged and frozen at À 80 1C. Serum total IGF-I was measured by radioimmunoassay, 22 and plasma insulin concentrations were determined using a commercial ELISA kit (DAKO, Glostrup, Denmark).
Statistical analysis
Multivariate linear regression was used to investigate the associations between milk consumption during pregnancy and infant size and offspring height at follow-up.
Milk consumption was analyzed in four a priori-selected categories (o150 ml/day, X150-600 ml/day, X600-900 ml/day and X900 ml/day) to examine the dose-response effect and then later collapsed into two groups (o150 ml/day vs X150 ml/day) if a dose response was not detected. The lowest category, o150 ml/day, was used as reference and chosen in line with the methodology of previous studies, 5, 6 as any potential growthpromoting effect of milk intake has been observed between low and never consumers vs regular consumers. We used an F-test (type III) to detect a difference between each milk consumption category as compared with the lowest reference category (P for effect).
Birth weight and length were adjusted for gestational age and then converted to sex-specific z-scores. 23, 24 Adjustments were made for potential confounding variables based on results from previous studies. 5, 6 The following covariates were included in the models regarding birth measurements: mother's age (in quartiles), height (in quartiles), pre-pregnancy BMI (o18.5, 18.5-24.9, 25.0-29.9, X30.0), total energy intake (in quartiles), parity (0, 1, X2), smoking status (never, occasional, daily), educational level (elementary schooling, high school or technical schooling, university education, higher academic, other education) and maternal weight gain until week 30 of gestation (quartiles). Height at follow-up was converted to sex-specific z-scores. 23, 24 Owing to skewed distribution, IGF-I and insulin levels were transformed using the natural logarithm. Adjustments for measurements at follow-up were made for a priori-selected confounders, including maternal height, pre-pregnancy BMI, total energy intake and smoking status. Offspring's sex was also included in the IGF-I and insulin analyses.
Missing values were assigned to a missing category for the covariate variables: maternal height (3.3% missing), maternal BMI (3.6%), educational level (3.8%), smoking status (3.7%) and maternal weight gain (16.8% missing). For maternal smoking, missing values were (3.7%) assigned to not smoking, as a nonsignificant difference was observed in birth weight between non-smokers and those with missing values (P ¼ 0.47).
RESULTS
The mean milk consumption was 712 ± 367 ml/day, and the women predominantly drank low-fat milk, as only 17% of the women reported drinking whole-fat milk. The mean birth weight was 3497±494 g, birth length was 51.9±2.2 cm and duration of gestation was 282.1 ± 7.5 d. Table 1 describes maternal characteristics according to milk consumption in pregnancy (term births). Women with a high intake of milk in pregnancy were younger and had a higher protein and energy intake compared with women with a low milk intake. They were more often nulliparous and their pregnancy was of shorter duration. Table 2 shows the association between milk intake during pregnancy and z-scores for birth weight and length. Maternal milk consumption was not associated with birth outcomes in univariate analyses. However, after adjusting for potential confounders, a statistically significant difference in birth weight and length was observed between those who had low (o150 ml/day) intake and those with a higher intake (X150 ml/day), but no dose response was observed above the lowest-intake group (o150 ml/day). Milk intake of X150 ml/day compared with o150 ml/day was, however, associated with 0.32 higher z-scores for birth weight (95% confidence interval (CI) 0.06; 0.58) and 0.34 higher z-scores for birth length (95% CI 0.04; 0.64). The covariates that had the highest influence on these associations were maternal smoking and height. The increment in birth measurements corresponded to an B113 g higher birth weight and B0.6 cm greater birth length in the group with the high milk intake compared with the group with low intake (data not shown).
The mean age of offspring at follow-up was 19.8±0.5 years, and mean adult height was 175.5±9.5 cm. Table 3 shows differences in birth weight and birth length of offspring who participated in the follow-up study, as well as offspring's BMI, height and serum IGF-I levels, with respect to maternal milk consumption. In adjusted models, those offspring whose mothers had consumed X150 ml of milk per day during pregnancy tended to have on average 0.19 higher z-scores for height (95% CI: À 0.08; 0.46) (B1.2 cm increment), as compared with offspring whose mothers consumed o150 ml of milk per day. Moreover, IGF-I levels tended to be B8% higher (95% CI: À 2.2; 20.0) and fasting insulin levels B14% higher (95% CI: À 3.0; 35.0). 
DISCUSSION
Our findings add to recently published observations 5, 6 that maternal milk consumption may have growth-promoting effects on the offspring. Maternal milk consumption of X150 ml/day vs o150 ml/day was associated with higher birth weight and birth length. Furthermore, this growth-promoting effect of milk intake above 150 ml/day during pregnancy also appeared to track into later age, as height, IGF-I and insulin levels at B20 years tended to be higher in those offspring, although we found no statistically significant difference.
A number of studies have assessed the association of maternal milk consumption with neonatal size at birth. 5, 6, [14] [15] [16] In the Danish National Birth Cohort (n ¼ 50117), maternal milk consumption of 1-2 glasses per day vs no intake was associated with a 60-g increase in birth weight, which increased up to 108 g for intake of six glasses of milk per day. 5 Similarly, a recent study in the Netherlands, the Generation R Study (n ¼ 3405), observed around a 64-g increase in birth weight among mothers who consumed 41-2 glasses/day compared with those who consumed p1 glass. 6 These results are in line with our findings and suggest that the potential growth-promoting effect of maternal milk intake lies between little or no intake vs daily consumption of 1-2 glasses per day (assuming one glass B150 ml). Only a modest increase in birth weight was observed with greater milk intake. What further strengthens the hypothesis that maternal milk consumption may affect size at birth is that the previous Danish, 5 Dutch 6 and our study were conducted at different time periods and in different regions, and therefore have different confounder constellations. For example, there were noticeable differences in maternal age, BMI, parity and smoking status between these cohorts.
Cow's milk contains various nutrients that are potentially essential for fetal growth, and thus the mechanisms underlying the observed association in our study may simply relate to better nutritional status and higher protein intake. 25 The mean protein intake (E%) in our cohort was 12.9% in the lowest milk consumption group vs 15.3% in the next lowest group, which is where the main increase in birth weight was observed (Table 1) . In both adults and children, milk consumption has been associated with stimulated insulin release 9,21 and higher circulating IGF-I levels, 8, [11] [12] [13] and higher maternal levels of these factors have been correlated with increased birth size. [26] [27] [28] The IGF family has been considered to be the main mediator of the growth-promoting effect of cow's milk, as it has a central role in postnatal growth processes and is an important regulator in fetal growth and development. 29, 30 It is not clear whether the increase in IGF-I blood levels is due to the IGF-I in cow's milk or whether a substance in milk, such as bioactive peptides, amino acids or minerals (for example, calcium) stimulate endogenous IGF-I production. 2 With regard to measurement during follow-up, our findings suggest that the influence of maternal milk consumption may track into early adult age. To our knowledge, this is the first study that assessed the associations of maternal milk consumption and offspring's height in adulthood, but in children concurrent milk consumption has been associated with a stimulating effect on linear growth. 4 Moreover, at follow-up in our study, IGF-I and insulin blood levels tended to be higher among the offspring whose mothers consumed milk during pregnancy, although this was not statistically significant. This tendency was also observed after adjustment for offspring height, which may point to a programming effect. Furthermore, the association between maternal milk intake and offspring's height was considerably attenuated by adjustment for IGF-I (z-score went from 0.19 to 0.07), suggesting that it may be a mediator of this association. Studies in adults have shown mixed results between height and IGF-I concentrations. 31, 32 Two studies have reported that consumption of cow's milk during early life is inversely associated with IGF-I levels throughout adult life. 33, 34 The hypothesis that has been proposed is that IGF-I blood levels in early childhood can affect long-term resetting of the pituitary growth hormone output. [34] [35] [36] We did not have information regarding offspring's cow's milk consumption during infancy or childhood, but it is likely that these sensitive periods are all involved in the complex regulation of linear growth. To the best of our knowledge, there have been no reports regarding the longterm effect of maternal cow's milk consumption on offspring's insulin blood levels.
One of the strengths of this study was its prospective nature with long-term offspring follow-up and the relatively detailed information on a number of potential confounders. With regard to weaknesses, we cannot, as with all observational studies, exclude residual confounding or confounding by unmeasured confounder(s). For example, we did not have information concerning offspring's diet at follow-up, and confounding due to offspring's own milk consumption cannot be excluded, 37 as previous studies have shown that animal protein, especially milk in childhood and adolescence, may have a stimulating effect on linear growth. 2, 3 Losses during follow-up also reduced power to make inferences on the long-term implications of regular maternal milk intake. In our statistical analyses, we decided to use similar reference category (ca. 0-150 ml/day) as used in previous studies, 5, 6 but the number of subjects in this group was low compared with the number of participants in the higher milk consumption groups. This could possibly account for the lack of significant associations in some of the analyses and inhibited proper evaluation of dose response at lower levels than daily intake of milk. In that perspective, it is worth emphasizing that consumption of 150-600 ml of milk/day, as in our next lowest group, is a relatively high intake compared with many populations; for example, in a study from North America, 32% of the participants consumed less than one glass of milk per day as compared with 6% in our study. 3 In conclusion, our results provide further evidence that maternal milk consumption may affect infant's birth weight and length. Our findings may provide some evidence for a long-term effect on offspring's height, as well as IGF-I and insulin blood levels, although not statistically significant. Further studies are needed to add to the current understanding of the influence of maternal milk consumption on offspring's growth, in order to identify underlying mechanisms and to clarify the long-term consequences.
